We investigate the steady-state spontaneous emission of a V-type three-level atom, with the coherence between the two upper levels modified and controlled via incoherent pumping to a fourth auxiliary level. The external pumping gives us an easily controllable handle in manipulating the spontaneous emission to such an extent that, under certain conditions, complete quenching of spontaneous emission is possible. We also show that even the interference between the decay channels, which is considered a key requirement in spontaneous emission quenching through quantum interference, is not essential to achieve near 100% trapping and almost complete suppression of spontaneous emission. Thus we provide a scheme for spontaneous emission quenching which can be easily realized experimentally.
I. INTRODUCTION
Atomic coherence plays a crucial role in modifying spectral properties of a multilevel atomic system. The novel effects possible through generation of atomic coherence among atomic levels include correlated spontaneous emission laser ͓1͔, absorption cancellation ͑or lasing without inversion͒ ͓2-4͔, electromagnetically induced transparency ͓5͔, and spontaneous emission reduction and cancellation ͓4,6-8͔. The generation of atomic coherence is usually achieved by application of strong coherent field tuned to an atomic transition of a multilevel atomic system ͓9͔ leading to coherently generated Autler-Townes doublet. Atomic coherence between two close lying levels can also be achieved through quantum interference of processes such as coupling of these levels to identical modes of a reservoir ͓6͔, or pumpings from them to a single upper lying atomic level ͓10͔. Interfering spontaneous decay channels have also been shown to facilitate continuous wave lasing without inversion ͓11͔. A nice review article appeared recently ͓12͔ that summarizes the quantum interference effects in optical fields and atomic radiation. The article also discusses the problem of control of spontaneous emission through quantum interference effects.
In the simplest scheme, spontaneous emission cancellation due to quantum interference of spontaneous transitions from two upper levels to a lower lying third level is possible only if the upper levels are closely spaced. The proximity of the levels is essential to ensure the existence of coherence and sufficient coupling between the two decaying channels. This limitation is overcome in Refs. ͓6,7͔ by introducing an auxiliary fourth level and coupling it to the two upper levels by a coherent field. Thus, spontaneous emission control is possible for arbitrarily spaced energy levels decaying to a common lower level by varying the parameters of the coherent field. In this setup, the auxiliary fourth level needs to be of lower energy than the doublet to maintain the quantum interference. We, however, wish to achieve even more control over the total spontaneous emission from the atom through external parameters that can be manipulated with ease.
In this paper, we utilize interference of incoherent pump processes on the same lines as in Ref. ͓10͔, to introduce coherence between the decaying doublet. We insert an auxiliary level at an energy above the doublet and allow it to couple to the decaying doublet by interfering incoherent pump processes. These pump processes provide an extra handle on the fluorescence and a means of controlling the amount of coherent population trapping. Moreover, we maintain the advantage that the levels can be well separated by coupling the decaying doublet to the ground level through a coherent field. We observe that by controlling the parameters of the pumping fields, we can achieve further quenching of spontaneous emission than the simple case of interfering decay channels. We also observe that in certain range of values of the pumping parameters it is possible to have near 100% trapping in the decaying doublet, thus, achieving almost complete spontaneous emission quenching even in the absence of interference between the decay channels. To note, experimental work on quenching of spontaneous emission through quantum interference of two spontaneous decay channels has proved extremely difficult, with only one experiment so far ͓13͔, nevertheless, with criticism ͓14͔, due to the inherent uncontrollable nature of spontaneous emission processes. Our scheme suggests a possibility of achieving complete control over the total decay from a doublet through a very simple scheme which could be easily employed experimentally.
The article is organized as follows: In Sec. II, we discuss the essential ingredients of the model, discuss the Hamiltonian, and give the complete set of density-matrix equations for the atomic system. We provide a dressed-state picture of the model in Sec. III to allow for physical intuition of the results obtained by solving the density-matrix equation. In Sec. IV, we summarize various results obtained through the solution of density-matrix equations. We study the time dependent behavior of the populations of the atomic states and show the existence of coherent population trapping under certain conditions. We also explore the effect of the energy spacing between two atomic levels on the coherence generated between them. Furthermore, we investigate the effect of quantum interference on the coherent population trapping and the spontaneous emission spectrum of the system. We review a similar model considered earlier in Ref. ͓7͔ in Sec. V and compare their results with our findings. In Sec. VI, we state our conclusions. Various calculational details such as the occurrence of quantum interference in the decay and the pump channels and the determination of spontaneous emission spectrum are considered in Appendixes A, B, and C.
II. THE MODEL AND THE DENSITY-MATRIX EQUATIONS
We consider a level scheme depicted in Fig. 1 . The spontaneous decay rates from ͉a 1 ͘ and ͉a 2 ͘ to ͉b͘ are denoted by ␥ 1 Ј and ␥ 2 Ј , respectively. Incoherent pump processes r 1 and r 2 couple ͉a 1 ͘ and ͉a 2 ͘ to an auxiliary state ͉c͘. A coherent field is set to couple ͉b͘ to both the states ͉a 1 ͘ and ͉a 2 ͘ by choosing a frequency tuned halfway between the two. We also include decays from state ͉c͘ to all the lower levels. There are three major dynamical processes occurring in the system: ͑i͒ interaction of the atomic system with the coherent field, ͑ii͒ incoherent pump processes through r 1 and r 2 , and ͑iii͒ interaction with the reservoir governing the decay processes from states ͉a 1 ͘ and ͉a 2 ͘ to the ground level.
We describe these processes by interaction terms V 1 , V 2 , and V 3 , respectively. Thus, including the free-energy terms, the total Hamiltonian is HϭV 0 ϩV 1 ϩV 2 ϩV 3 . ͑1͒
The detailed form of these terms in the Hamiltonian can be written as
Ϫit ͉a 1 ͗͘b͉Ϫប⍀ 2 e Ϫit ͉a 2 ͗͘b͉ϩH.c., ͑3͒
where ⍀ 1 and ⍀ 2 are the Rabi frequencies of the coherent driving field of frequency corresponding to the two transitions from ͉a 1 ͘ and ͉a 2 ͘ to ͉b͘, respectively; g k (1, 2) are the coupling constants between the kth vacuum mode of frequency k and the atomic transition from ͉a 1 ͘ and ͉a 2 ͘ to ͉b͘, respectively, and p 1 and p 2 are the dipole moments of the atomic transitions corresponding to the pumpings from ͉a 1 ͘ and ͉a 2 ͘ to ͉c͘, respectively. To illustrate, the interaction term V 2 describes coupling of states ͉a 1 ͘ and ͉a 2 ͘ to state ͉b͘ through identical vacuum modes. Thus, there is a possibility of quantum interference between the two decay modes. The interaction term V 3 describes coupling of states ͉a 1 ͘ and ͉a 2 ͘ to ͉c͘ through a single electric field E p , which is taken to be complex to include the frequency dependent phase factor.
The dipole moments p 1 and p 2 corresponding to transitions from ͉a 1 ͘ and ͉a 2 ͘ to ͉c͘ can, in principle, have different directions. However, the electric field E p can be chosen in a polarization mode such that it couples to both the transitions. Moreover, the electric field is required to have a broad frequency spectrum or effective ␦-like correlation, i.e., ͗E p *͑t͒E p ͑ tЈ͒͘ϭ⌫ p ␦͑tϪtЈ͒.
͑6͒
The effect of V 3 can be summarized through the pumping parameters r 1,2 ϭ2 (p 1,2 2 /ប 2 ) ⌫ p as discussed in Appendix B. We can treat the interaction terms separately to obtain the corresponding terms in the density-matrix equations to arrive at the final form. The effect of the interaction potentials, as well as the free part of the Hamiltonian V 0 on the densitymatrix can be obtained using the Liouville equation (0, 1, 2, 3) 
͑7͒
Here, the complete density-matrix has been reduced to different parts as
coupling only to the corresponding part of the Hamiltonian. The terms corresponding to V 0 and V 1 can be obtained in a straightforward manner. However, calculation of the interference effect due to V 2 and V 3 is little more involved. We discuss the details of the appearance of decay and pump interference terms in Appendixes A and B. Next we transform, thus, obtained equations to rotated frame and include all the atomic decays as shown in Fig. 1 
Here, we have introduced parameters p and pЈ to incorporate the fact that the dipole moments for the corresponding transitions may not be exactly parallel to each other. For example, pϭ1 and pϭ0 correspond to the case of dipole moments of the transitions ͉a 2 ͘→͉c͘ and ͉a 1 ͘→͉c͘ being parallel and perpendicular, respectively. Similarly pЈ corresponds to the transitions from ͉a 2 ͘, ͉a 1 ͘ to ͉b͘. Thus, these parameters are the measure of the relative orientation of the corresponding dipole moments. The actual form of them is given later. For most part, we use the values of p and pЈ from the set of ͕0,1͖ corresponding to the extremes of parallel and orthogonal dipole moments to study the effect of the absence or the presence of the interference terms on the behavior of the system. The detunings, where and p are the frequencies of the coherent and incoherent fields, respectively. It will be apparent later that the interference of the two incoherent pump processes and the two decay processes among themselves are very important for quenching of spontaneous emission and is governed by the ͱr 1 r 2 and the ͱ␥ 1 Ј␥ 2 Ј terms in the density-matrix equations, respectively.
III. DRESSED-STATE ANALYSIS
Although, the interference terms can be clearly seen in the density-matrix equations ͑9͒ they still have a formidable appearance. It is very difficult to extract useful physical insight about the system from such a set of coupled equations even in steady state. However, atom-field combined dressed states provide a useful tool to acquire physical insight in such a complicated multilevel atomic system interacting with various electromagnetic fields and/or a reservoir ͓16͔. In the current situation, it is instructive to dress the atom with the coherent field and see the effect and interaction of the vacuum and pumpings fields on such dressed states. In this section, we first determine the form of the dressed states and then consider the effect of the vacuum and pumping interactions in the dressed-state picture.
A. Determination of the combined atom-field dressed states
We start with defining the atom-field combined dressed states for the system. To incorporate the coherent light field in the state representation, we quantize it and resort to the number state representation of the same. The effect of the free energies and the coherent coupling can be summarized through the existence of the dressed states obtained by diagonalizing the corresponding Hamiltonian. For simplicity, we consider a slightly different representation for the Hamiltonian than the one considered in previous sections.
The atom-field combined states for the model of Fig. 1 can be taken to be ͉a 1 ,n͘, ͉a 2 ,n͘, ͉b,n͘, and ͉c,n͘ where n denotes the number of photons in the coherent-field coupling state ͉b͘ to ͉a 1 ͘ and ͉a 2 ͘. The atom-field dressed states are just the eigenstates of the coherent-field coupling part of the Hamiltonian, namely, V 1 . To start with, we rewrite V 1 and the free-energy part of Hamiltonian in the interaction picture as
where g 1,2 are the coupling constants between ͉a 1,2 ͘ and ͉b͘.
Here, we have also introduced the annihilation and creation operators denoted by a and a † , respectively, to achieve the quantized description of the coherent field. The corresponding characteristic equation is
For simplicity, we assume that
leading to a trivial solution n (0) ϭ0 for the eigenvalue. The corresponding eigenstate is
͑14͒
The other eigenstates can be shown to be
where N 0,n and N Ϯ,n are the normalization constants and
with 12 ϭ a 1 b Ϫ a 2 b being the spacing between the two upper levels. The corresponding eigenvalues are
In Fig. 2 , we show a set of two eigenstates differing in the photon number by one, thus, they differ in their energy by ប corresponding to the energy carried by single photon. The figure also shows that the adjacent set of dressedstates couple with each other through spontaneous transitions and a given set of states couples to the state ͉c,n͘ through the incoherent pumpings. However, only some of these couplings are possible and some are forbidden. We discuss these details in forthcoming sections.
B. Coupled decay channels and dressed-state transitions
The decays from the upper-level doublet to the ground level in the bare basis amount to decays between two sets of the dressed states differing in the photon number by one. As discussed above the interaction Hamiltonian for these transitions is given by 
Ϫi k t ͉a 2 ͗͘b͉b k ϩH.c.,
͑18͒
where k corresponds to the frequency of the kth mode of emitted field. It can be shown that the decay interaction introduces transitions among the dressed states associated with different number of photons. For example, the matrix element for the transition from the dressed state ͉Ϯ,nϩ1͘ to the state ͉0,n͘ can be written as
where 1 ϭϮ 12 /2 and 2 ϭϯ 12 /2. On the other hand, matrix elements of elements of the transitions from ͉0,n ϩ1͘ to ͉Ϯ,n͘ are given by
͑20͒
It is clear that the matrix element ͑20͒ is zero when
for the arbitrary mode of the vacuum field. Since, by definition,
where ê k is the unit vector of the kth radiation mode and ជ a j ,b 's are the matrix elements of the dipole moments of the two transitions, the parallel matrix elements of the two dipole moments are needed for vanishing V Ϯ,0,n of Eq. ͑20͒ for arbitrary polarization of the vacuum field, assuming that g 1 and g 2 have the same sign. In the case when g 1 and g 2 have opposite signs, matrix element ͑20͒ will be zero for each vacuum mode, if the dipole moments are antiparallel. Thus, we can have no decay from ͉0,nϩ1͘ to ͉Ϯ,n͘ under the condition ͑21͒. On the other hand, under the same condition the matrix element ͑19͒ is maximal, and the decay rates from ͉Ϯ,nϩ1͘ to the ͉0,n͘ do not vanish. Therefore, under the above condition, the dressed states ͉Ϯ͘ can decay into the dressed state ͉0͘, but not vice versa. The condition ͑21͒ can be rewritten as
where we have expressed g k (1) and g k (2) in terms of the corresponding radiative decay rates, ␥ 1 Ј and ␥ 2 Ј , as defined in the Appendix A and pЈ is the alignment of the dipole moments corresponding to the driven transitions,
With the introduction of the Rabi frequencies ⍀ 1,2 ϭg 1,2 ͱnϩ1 the trapping condition becomes
The Fig. 2 takes into account these selection rules when the trapping condition ͑25͒ is satisfied and gives a typical spontaneous emission spectrum with appropriate relative heights of the peaks. It, however, does not include the influence of the incoherent pumpings on the spectrum.
C. Dressed states and incoherent pumping fields
The incoherent pumping interaction
couples the dressed states to state ͉c,n͘. Matrix element of the incoherent pumping interaction between state ͉0,n͘ and the state ͉c,n͘ can be shown to be V c,0;n ϭ͗c,n͉͕͗0͖͉V 3 ͉0,n͉͕͘0͖͘
We can see that this matrix element vanishes if
Here, we have expressed p 1 and p 2 in terms of the corresponding pumping rates, r 1 and r 2 , as defined in the Appendix B. Moreover, p corresponds to the relative orientations of the corresponding dipole moments
Under the condition ͑28͒ it can be easily verified that the other matrix element corresponding to transition from state ͉Ϯ,n͘ to state ͉c,n͘ does not vanish. Thus, there are certain selection rules for transitions from the dressed states to the state ͉c,n͘, provided the trapping conditions are satisfied. The dressed-state picture gives a good physical idea of the effect of the pumpings and vacuum coupling on the system as discussed above. However, a complete analysis of the system in the dressed-state picture could get extremely complicated. Therefore, to clarify these effects further, we study the complete numerical solution and so obtained results in the, following section.
IV. RESULTS AND DISCUSSION
The set of density-matrix equations ͑9͒ can be easily solved to obtain the time evolution of populations and coherences as well as their steady-state behavior. The parameters chosen in all the figures satisfy the trapping conditions ͑25͒ and ͑28͒.
We summarize a typical result in Fig. 3 for the time dependence of the populations for all the four states. We start with all the population in state ͉b͘ at time tϭ0, and it all ends up in states ͉a 1 ͘ and ͉a 2 ͘ in the steady state. Some of it is transferred to state ͉c͘ because of the presence of the drive and the pump fields but it soon decays and we get almost 100% trapping in states ͉a 1 ͘ and ͉a 2 ͘. Thus, we observe that there is a possibility of trapping all the population in states ͉a 1 ͘ and ͉a 2 ͘ even in the presence of apparent loss mechanisms like the decays to state ͉b͘ and pumpings to state ͉c͘. Once such coherent population trapping is achieved there is no spontaneous emission from the system. Another important observation is the dependence of the amount of trapping on the energy spacing between the states ͉a 1 ͘ and ͉a 2 ͘. We observe that the amount of trapping decreases with the increase in the energy spacing between the states ͉a 1 ͘ and ͉a 2 ͘. Although, there is a possibility of increasing the Rabi frequency of the driving field in order to increase the trapped fraction. This is depicted in Fig. 4 , where we plot the populations of the two upper-levels as a function of the Rabi frequency for different upper-level separations. Larger upper level separation needs larger Rabi frequency for the driving field to achieve the same fraction of population in the trapping states.
We now discuss the importance of the incoherent pumpings and the interference terms between them as well as the interference between the decay channels. We carefully study the effect of these terms on the population trapping in the doublet ͉a 1 ͘ and ͉a 2 ͘ for various relative values of the pumping and the decay parameters, while keeping all the other parameters fixed. The results are summarized in Fig. 5 . We observe that the process of generating coherence between the decaying doublet through interference of incoherent pumpings is effective when the pumping parameters (r 1 ,r 2 ) are at least three orders of magnitude larger than the decay parameters (␥ 1 Ј ,␥ 2 Ј). In this case, we observe that even in the absence of interference between the decay channels there is near 100% trapping and, thus, almost complete spontaneous emission quenching in the steady state.
This situation is particularly of interest as it implies that one can achieve tremendous control over the spontaneous emission from the decaying doublet even in the absence of the interference between the decay channels. In real life situations one does not have any control over the spontaneous decay properties of the atomic system let alone ensuring the presence of interference between two decay channels in order to quench the spontaneous emission. The first plot of Fig.  5 clearly illustrates that our model removes this stringent requirement on the decay properties of the system and imparts an easily controllable handle through the incoherent pumping parameters. Thus it could be easily implemented experimentally.
Observing part 2 and 3 of Fig. 5 illustrates that the above mentioned advantage is lost when the pumping parameters become comparable to or smaller than the decay parameters. When the pumping parameter values are comparable to those of the decay parameters the results obtained in the case of absence of either of the interference term are very close to each other as expected. However, a point to be noted is that still the precedence taken by the pump interference over the decay interference is clear in part 2 of Fig. 5 . In the case where the pumpings are small compared to the decay parameters ͑part 3͒, we observe a role reversal and the influence of decay interference is larger compared to the pump interference as can be expected. Nevertheless, in all the cases when both the interference terms are present in the system, we have 100% trapping and complete spontaneous emission quenching. In Fig. 6 , we plot the spontaneous emission spectrum of radiation emitted by the transitions ͉a 1 ͘→͉b͘ and ͉a 2 ͘ →͉b͘. The details of the spectrum calculations are given in Appendix C. As we can see it is a spectrum with five peaks within the vicinity of the frequency of the driving field; the number of peaks can be easily explained in the dressed-state picture.
The total spontaneous emission in all the modes from states ͉a 1 ͘ and ͉a 2 ͘ is governed by the area under the spectral curve. We can easily see that the presence or absence of the interference terms in the decay and pump channels is of utmost importance in governing the total emission from the atom in the two decay channels. The presence of both the interference between the pump processes (pϭ1) and decay processes (pЈϭ1) gives the spectrum with almost zero area under the curve. Thus, one can achieve complete spontaneous emission quenching.
V. REVIEW OF THE MODEL CONSIDERED IN REF. †7 ‡ AND ITS COMPARISON WITH THE PRESENT ONE
So far, we have discussed the present model in its complete details and we have discussed the results in preceding section. It is more instructive to compare the results obtained here with a model previously considered in the literature to throw more light on the problem of spontaneous emission control and manipulation.
A scheme considered Ref. ͓7͔ is particularly of interest, due to its similarity to the current model. The system consists of a four-level atom very similar to the one considered here and is depicted in Fig. 7 . Leaving aside the incoherent pumpings in this model, as there are no interference terms associated with them, the essential elements consist of a coherent field and interfering decay channels. Unlike the current model, this model achieves coherence between the decaying doublet through a coherent-field coupling with an outside level which has to lie below the doublet. Thus, a typical spontaneous emission spectrum consists of three distinct peaks as opposed to five in the present model. Another essential ingredient is the interference required among the decays from levels ͉a 1 ͘ and ͉a 2 ͘ to level ͉b͘.
The presence of the coherent field assures that the decaying doublet does not have to lie very close to each other. This aspect is essentially the same as in our model. Since the level ͉b͘ in the model of Fig. 7 is lying lower than the decaying double there is extra set of spontaneous decay channels. It is shown in Ref. ͓7͔ interference is required on these decay channels too. This conditions is fairly stringent and can be very difficult to meet in real life situations.
The model of this paper ͑Fig. 1͒, does not impose any stringent requirements. Our results even relax the requirement of interference among the decay channels by choosing appropriate values for the pumping parameters. Achieving interference in the incoherent pumping is fairly easy experimentally by tweaking the polarization of the applied light field. Moreover, we observe that one can obtain more control over the spontaneous emission through the present scheme. Under similar conditions one obtains much less emission in all the modes in the present scheme compared to the one in Fig. 7 . Thus, the present scheme can be more easily employed in experimental situations and gives more control over the amount of spontaneous emission from the system. 1 ϩ a 2 a 2 ) versus Rabi frequency ⍀/␥ of the coherent field. In all the three parts of the figure thin line corresponds to case pϭ0, pЈϭ0, i.e., the absence of both the interference terms; squares for pϭ0, pЈϭ1, i.e., the presence of interference in the decay channels only; circles for pϭ1, pЈϭ0, i.e., interference in the pumpings only; and thick line for pϭ1, pЈ ϭ1, i.e., the presence of both the interference terms. The common parameters are the level spacing a 1 a 2 ϭ2␥, other decay rates ␥ 1 ϭ␥ 2 ϭ␥ 0 ϭ0.1␥, and the decay rates of interest ␥ 1 Јϭ␥ 2 Јϭ0.001␥.
Part 1 corresponds to the case of large pumping parameters compared to the decay parameters, i.e., r 1 ϭr 2 ϭ10␥. Here, we observe that in the absence of both the interference terms, there is only 50% trapping as one would expect. However, the highlight is that even in the absence of interference in the decay channels there is near 100% trapping. Part 2 corresponds to r 1 ϭr 2 ϭ␥ 1 Јϭ␥ 2 Јϭ0.001␥. In this case, the results for the the case of either interference term being absent are close to each other. Other results are similar to the ones in part 1. It is clear that the effect of interference due to the incoherent pumpings is little more compared to the same due to the decay channels. Part 3, here, the pumping parameters are much smaller compared to the decay parameters, i.e., r 1 ϭr 2 ϭ10 Ϫ7 ␥, and we observe a role reversal among the two interference terms. Thus, there is a swapping between the circles and squares compared to the corresponding case of part 1.
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VI. CONCLUSIONS
We have shown that atomic coherence can be generated through the interference of incoherent pump processes. This imparts an easily controllable handle for manipulating the spontaneous emission properties of three-level V-type system. Whereas, the interference between the decay channels is essential for complete quenching of spontaneous emission, the nature does not give us any control over the characteristic decays of any given system. In such a situation, being able to modify the coherence through the interference of external pumping fields, offers more control in achieving the right amount of trapping and fluorescence as needed. We have also shown that, under certain conditions, complete spontaneous emission quenching is possible in all the modes of the radiation field. We have also shown that with a certain choice of parameters it is possible to obtain near 100% trapping and almost complete quenching of spontaneous emission from a doublet even without the stringent requirement of the existence of interference in the decay channels. Our scheme can be very easily implemented experimentally as it works around the difficulty of finding the right kind of system with interfering decay channels.
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APPENDIX A: INTERFERENCE TERM FOR THE DECAY CHANNELS
We discuss the effect of V 2 on the density-matrix elements in this appendix. We consider all the four levels without the presence of the pumping terms and decays from state ͉c͘ to ͉a 1 ͘ and ͉a 2 ͘. Even though there is no direct coupling to state ͉c͘, as it will be evident later some coherence terms involving state ͉c͘ are still present and do get affected by the interference of the decay processes.
The coupling of the atomic system to the vacuum reservoir is described through
as mentioned earlier. The Liouville equation for the total density operator T of the ''atom ϩ reservoir'' system in the interaction representation is
Integrating the above equation once and substituting the result in it, we obtain
with the initial conditions given by Fig. 5 with pϭ1, pЈϭ0. Observe that in this scale the case ͑d͒ lies on the zero line. Moreover, in the case ͑e͒ is very close to the zero line illustrating the control one can achieve over spontaneous emission even in the absence of coupling in the decay channels. Right: The magnification of the zero line in the left part of the figure. The shape of the spectrum is preserved but the emission is negligible. Here, ⌬ϭ(Ϫ) in the units of ␥. where, (2) (0) denotes the atomic density operator at tϭ0, F the field density operator, and ͉͕0 k ͖͘ corresponds to the vacuum state. We now assume, as usually done when the system of interest is weakly coupled to a large reservoir, that the total density operator factorizes into the form
for any tϾ0; in addition, we calculate the partial trace of above equation over the field degrees of freedom. Thus, from straightforward calculations, it follows that the atomic density matrix element ba 2 (2) satisfies the equation of motion
͑A6͒
At this point, usually, it is assumed that ba 2 (2) (t) and ba 1 (2) (tЈ)
are slowly varying functions of time and, therefore, (2) (tЈ) can be replaced by (2) (t). The tЈ integration in above equation is then carried out. Here, we follow a different procedure. First, we replace the summation over k by an integral, i.e.,
where
represents the density of states. Here, V is the quantization volume. On interchanging the integrations over k and tЈ, we obtain
͑A9͒
Now, we assume that the states ͉a 1 ͘ and ͉a 2 ͘ are close to each other. Thus, the density of states D( k ) and the coupling constants g k (1) and g k (2) contribute significantly only around k ϭ. We can, therefore, replace k by in the corresponding terms. Thus,
͑A10͒
On carrying out the integration, we obtain
where ␥ 1 Јϭ2D()g (1)2 , ␥ 2 Јϭ2D()g (2)2 . Here, we have assumed both coupling constants to be positive. Similar calculations lead to the equations for the remaining independent matrix elements
.
We note that the terms containing the product of ␥ 1 Ј and ␥ 2 Ј describe quantum interference effects which emerge from the radiative decay of the upper states to their common lower level. In particular, this interference term is responsible for establishing the coherence between states ͉a 1 ͘ and ͉a 2 ͘. The coherences a 2 c (2) and a 1 c (2) are affected by these interference terms even in the absence of any direct coupling of ͉c͘ to the remaining states.
APPENDIX B: INTERFERENCE TERM FOR THE PUMP PROCESSES
In this appendix, we consider the detailed calculation of the pump processes described by the Hamiltonian
As discussed in Sec. II we assume a the two-time correlation of the applied electric field to be ␦-like, i.e., ͗E p *͑t͒E p ͑ tЈ͒͘ϭ⌫ p ␦͑tϪtЈ͒.
͑B2͒
The Liouville equation for the density-matrix corresponding to this part of the integration is
Expanding the Liouville equation, we arrive at where E ជ (ϩ) (r ជ ,t) ͓E ជ (Ϫ) (r ជ ,t)͔ is the positive ͑negative͒ part of the electric field operator at time t and position r ជ . In the far-zone approximation this operator takes the form
where n is the unit vector in the direction of observation, P ជ (ϩ) is the positive part of the atomic polarization operator in the Heisenberg picture. We are interested in the spectrum of radiation emitted by the transitions ͉a 1 ͘→͉b͘ and ͉a 2 ͘ →͉b͘. In this case, 0 ϭ( a 1 b ϩ a 2 b )/2 and
where superscript H denotes that the operators are taken in the Heisenberg picture. We note that
denotes the alignment of the dipole moments of the two transitions. From Eqs. ͑C2͒ and ͑C3͒, it follows that the spontaneous emission spectrum is proportional to the Fourier transform of the atomic two-time correlation function
Calculation of Eq. ͑C5͒ involves a straightforward application of the quantum regression theorem ͓17͔. This theorem states that if, for some operator Ô i ,
where ͕Ô j ͖ is a complete set of system operators and c j Јs are c-number functions of time, then
The density-matrix elements can be arranged in a vector form with being the frequency of the coherent-field tuned to the middle of the two levels ͉a 1 ͘ and ͉a 2 ͘. Thus, using the recipe discussed in this appendix the spectrum can be calculated numerically for different parameter values.
